Y chromosome variation in 457 Croatian samples was studied using 16 SNPs/indel and eight STR loci. High frequency of haplogroup I in Croatian populations and the phylogeographic pattern in its background STR diversity over Europe make Adriatic coast one likely source of the recolonization of Europe following the Last Glacial Maximum. The higher frequency of I in the southern island populations is contrasted with higher frequency of group R1a chromosomes in the northern island of Krk and in the mainland. R1a frequency, while low in Greeks and Albanians, is highest in Polish, Ukrainian and Russian populations and could be a sign of the Slavic impact in the Balkan region. Haplogroups J, G and E that can be related to the spread of farming characterize the minor part (12.5%) of the Croatian paternal lineages. In one of the southern island (Hvar) populations, we found a relatively high frequency (14%) of lineages belonging to P*(xM173) cluster, which is unusual for European populations. Interestingly, the same population also harbored mitochondrial haplogroup F that is virtually absent in European populations -indicating a connection with Central Asian populations, possibly the Avars.
Introduction
Polymorphic markers (biallelic loci and STRs) positioned in the nonrecombining part of Y chromosome (NRY) and paternal inheritance make this chromosome a powerful tool for studying population genetics and evolution.
1, 2 The use of Y chromosome is increasing as new polymorphisms suitable for the studies of human evolutionary history emerge, mostly because of advanced experimental techniques. 3, 4 A four times smaller effective population size in comparison with nuclear autosomal loci is reflected in reduced diversity and increased susceptibility to genetic drift. 5, 6 Therefore, Y chromosome studies are useful in studies of large-scale evolutionary events in human history and population genetics phenomena in small isolated communities.
In this paper we use 16 Y SNPs/indel and eight STRs to analyze the diversity in the Croatian mainland and four island populations (Krk, Brač, Hvar and Korčula) ( Figure 1 ) to address three specific problems: (1) How do the Croatian Y chromosomal data fit in the context of other European populations in relation to current understanding of the peopling of the Adriatic (Mediterranean) region? (2) How did long-term isolation and genetic drift affect Y chromosome markers distribution in Croatian islands as compared to the mainland population? (3) How well do these results reflect the extent of isolation and reduced genetic diversity implied by previous anthropological studies? 7 -16 
Population history
The area under study was continuously inhabited since middle Palaeolithic and is rich in archaeological findings that prove evidence of Mousterian, Aurignacien and Gravettien cultures. 17 This, as well as two main episodes of Holocene, the spread of farming and Indo-European languages in Europe, might be important for understanding genetic history of the region. The oldest western Balkan population of a clearly Indo-European origin and a known name is the Illyrian who remained the basic population after which other populations followed such as Greeks, Romans, Avars and Slavs. By the early 6th century AD Croats (Slavs) settled in the region that is today's continental Croatia and in the 6th and 7th century AD they reached the Adriatic Sea coast where they became a predominant population. The history of the islands' settling was similar to the mainland, but with differences in early farming spreading. Hunting -gathering people inhabited most of the Eastern Adriatic islands, which at the time were still a part of the mainland (20 -10 000 years BP). The Adriatic Sea in its current shape was formed relatively recently, about 8 -6000 years ago. Before that, its north-west part (including the islands) was a steppe surrounded by the Dinarides, Alpes and Apennines (Figure 1) . 18, 19 The dates and distribution of Impresso pottery, generally considered to appear together with early farming 20 along the central and western
Mediterranean coast suggests that peopling occurred primarily from the sea. Müller 21 proposes that the early farmers arrived from the Apulia area, southern Italy, and that the immigrants -farmers along the coast lived together with native hunter -gatherers in the hinterland for several centuries. An alternative scenario of colonization of the Mediterranean (Adriatic) basin is by land, from the area of the Middle-East, along the southern side of the Dinarides through the steppe which later became the northern Adriatic Sea, to present Italy. In the 4th century BC the Greek colonists organized the colonies on the southern Figure 1 Geographic location of the investigated area with the reconstruction of area of the Adriatic sea in the period from 25 000 to 10 000 years BP.
Adriatic islands -Hvar and Korčula and neighboring coastal area. Also, in the Middle ages islands were under the rule of Venice. The ancient Silk Road from China through Central Asia to the Mediterranean could have further contributed to the genetic structure of the investigated populations. Finally, during the Ottoman expansion between the 16th and 18th century AD small successive immigrations to the islands occurred from the Balkans mainland. Y chromosome analysis DNA was extracted from the whole blood according to the macromethod described by Poncz et al. 22 The choice of investigated biallelic markers in this study was based on their informativeness in defining haplogroups in this geographic region. 4 The deep-rooting marker M9
Sample and methods
was typed on all samples and other markers were typed hierarchically according to their known phylogeny. The haplogroups were labeled according to the YCC nomenclature. 35 A tentative assignment of all our R1 chromosomes, that are derived at M173 but do not have the G to A back mutation at SRY 10831 , into haplogroup R1b is based on the observations of Cruciani et al. 36 Their work supports the monophyletic relatedness of these lineages based on the finding that all of the investigated European (102) and Middle Eastern (8) chromosomes belonging to Jobling's haplogroup 1 shared an M269 mutation. Two trinucleotide STRs (DYS388 and DYS392) and six tetranucleotide STRs (DYS19, DYS389I, DYS389II, DYS390, DYS391 and DYS393) were typed on all 457 chromosomes. PCR reactions were carried out in the thermocycler 'Biometra UNO II' and performed in a 20 ml reaction volume containing 100 ng genomic DNA, 2.5 mM MgCl 2 , 75 mM Tris-HCl (pH 9.0), 100 mM of each dNTP, 0.1 mM of each primer and 2 U Taq DNA polymerase. The PCR cycling conditions used were those described by deKnijf et al.
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PCR products were resolved and detected on 6% denaturing ReproGel TM High Resolution gels (Amersham Pharmacia Biotech) using the Automatic Laser Fluorescence Express TM DNA sequencer (Pharmacia Biotech AB). The
Allele Links version 1.00 software (Pharmacia Biotech) was used to analyze fragment sizes. The alleles were named according to the number of repeat units, which were established with sequenced allele ladders as suggested by deKnijff et al.
Allelic frequencies were estimated by the allele counting method. Haplotype diversity within population was calculated using the Arlequin 2.0 package, 38 according to the formula
where n is the number of gene copies, k is the number of haplotypes and p i is the sample frequency of the ith haplotype. 95% 'credible regions' were calculated from posterior distribution of the proportion of a group of lineages in the population, as in Richards et al. 39 Medianjoining networks (MJs) were constructed with the program Network 2.0. 40 
Results
In Table 1 , the frequencies of the nine different haplogroups defined in 457 Croatian males divided into five subpopulations are compared. Haplogroup I, defined by M170, is the prevailing Y chromosome group through Croatian mainland and islands with the highest frequency (49% on average) reported in Europe so far. This haplogroup is spread in all European populations with variable frequencies, occuring at 440% in Saami, and at o10% in south (Greeks, Italians) and at B20% in west Europe (Dutch, French). 33 Instead, the North Europeans share another modal haplotype 14 -23 -10 -11 -13 which is three steps away from the DMH and together with its one step derivatives covers again more than half of haplogroup 2 chromosomes (54/102) in the region of its spread.
Haplogroups R1a and R1b showed the opposite frequency distribution to I-M170 and were more common in the northwest among the mainland population and in the northern island Krk. The frequency of R1b in Croatian sample (7.9%) is comparable to some other Balkan populations, for example, Macedonian (10%), 41 Greek (11%) and Yugoslavian (11%), 33 but it is considerably lower than in western European populations where its frequency ranges between 40% in Germans and 81% in Irish. 33 Unusual for European populations, 41, 44 14% of Y chromosomes from Hvar carried haplogroup P* without M173 mutation associated with a relatively high number of repeats (n ¼ 15) in the DYS392 locus. A detailed description of the occurrence of this haplogroup will be reported elsewhere. In contrast to R1b, its sister clade R1a shows eastern distribution in Europe being as low as 10 -12% in neighboring Balkan populations, Greeks and Albanians, lower in Western Europe, in Italians, Germans and the Dutch (4 -6%), but as high as 50 -60% in eastern and northern Europe, for example, Hungarians, Ukrainians and Poles. 41 The average frequency of R1a in Croatian mainland population (34%) is similar to the value of other Slavs, for example, Macedonians (35%), Czechs and Slovaks (27%). 41 47 probably along with the northern Adriatic plain then connected with the present-day islands, could have been among a few refugia of Europe (eg FrancoCantabria and Ukraine). High frequencies of mutation M170 noticed in the Croatian population investigated in this study and Bosnian and Herzegovian population (our unpublished data) imply that the Western Balkan Peninsula could have been an LGM reservoir of M170, a starting point of an expansion that spread M170 around the neighboring populations. Postglacial re-expansion from a different refugia might explain the differences of the northern European STR founder types from those characteristic to Croats. The second most frequent haplogroup in mainland and island populations was R1a (frequency ranging from 9 to 38%). This haplogroup is almost completely absent in western Europe but widely present in eastern Europe and central Asia. 33, 41, 44 The same geographic pattern can be seen in Croatia. A striking north -south difference implies that at least some of the founding ancestral groups of the investigated islands are of different origin. Possibly, continental Croatia was inhabited by Indo-European speaking populations who had migrated from southern Russia 2000 BP 48 -50 and probably had carried this mutation. It is logical that Dinarides are a natural mountain barrier to migrations between the southern Croatia and north-eastern Europe and possibly explaining the lower frequency of R1a lineages in the southern Adriatic islands of Brač, Hvar and Korčula.
Haplogroups R1b and I are likely to have been present in Europe since the Palaeolithic age. 41 The frequency of R1b in Europe shows a major west-to-east decline being most frequent in the Basque. The observed frequency of R1b in Croatian sample (7.4%) harmonizes with its frequency in neighboring populations, although general frequency pattern runs also through the northwest to southeast directional layout of the Croatian populations showing a marked difference between mainland and northern Adriatic island of Krk and three southern Adriatic island groups (Brač, Hvar and Korčula). This indicates that migrations carrying M173 mutation were more pronounced in the northern part of Croatia than in the southern coastal area. Worthy of note is the finding of considerable frequency of haplogroup P*(xM173) in the population of the island of Hvar. According to Wells et al 44 ). The lack of haplogroup N and its Tat C daughter clade in Croatians suggests that proto-Slavic males probably did not carry this lineage in substantial frequency and that Russians and Poles have likely obtained it through a recent admixture with Finno-Ugric people. 34, 55 In conclusion, the investigated Croatian populations show the presence of Y chromosomal haplogroups specific to Western, Southern and Eastern Europe. Moreover, Croatian Y chromosomal lineages testify to different migrational movements carrying mostly Palaeolithic European ancestry, a minor Neolithic impact from the Near East, as well as a Slavic (Croatian) influence which is today clearly expressed in the Croatian language which belongs to the Southern Slav linguistic group. Haplogroup I, one of the few haplogroups of Palaeolithic European origin, present in Croatians in the highest frequency noticed in Europe so far, could potentially classify this area as a birth place of this mutation as well as a source of its post-LGM spread in Europe. Our data (12.5%) do not support the estimation of more than 82% of Neolithic contribution in Croatian population suggested by Chikhi et al. 56 Chikhi et al 56 assume homogeneity of Palaeolithic gene pool in
Europe by taking only the Basques as representatives of Palaeolithic Europeans thus defining all other lineages by default as Neolithic. This assumption is likely not to hold, at least for haplogroup I, because it is restricted to Europe and almost absent in the Middle-East. Having in mind a gradual geographic appearance of haplogroups R1a and R1b and domination of I in southern Adriatic islands of Brač, Hvar and Korčula one could expect that the ancestral founding groups of investigated populations could be of different origins. The genetic legacy of Adriatic islands corresponds to the proximal mainland and not to the neighboring Mediterranean populations, although the archaeological evidence suggests a different pattern. Apparently, observed genetic background of the studied southern islands area might be primarily structured by a population dispersal directed from the mainland towards the islands, whereas a cultural exchange was transferred mainly via Mediterranean maritime routes.
A general conclusion of previous anthropological studies was that the islands more distant from the coast (Hvar and Korčula) were the ones exhibiting higher degree of isolation, endogamy and inbreeding. 13, 57 This study showed that Y chromosome haplotype diversity on Korčula island was lower than in other islands (0.974970.0059 in comparison with the northern island Krk 0.988270.0047, and southern islands of Brač 0.978770.0099 and Hvar 0.0983970.0049). This is consistent not only with the findings based on endogamy and inbreeding, but also with the implications of our previous mtDNA studies, 16 stressing the influence of drift in small isolated Adriatic island populations.
Finally, clear and meaningful in terms of ethnogenesis pattern and gradients of Y chromosome distribution variants in Croatia, uniparentally inherited genetic loci do not only prove their usefulness in understanding demographic history of human populations, but also indicate the need for their evaluation within the context of isonymic analyses.
